Multiscale computational approach that combines different methods to study laser ablation phenomenon is presented. The methods include the molecular dynamics (MD) breathing sphere model for simulation of the initial stage of laser ablation, a combined MDfinite element method (FEM) approach for simulation of propagation of the laser-induced pressure waves out from the MD computational cell, and the direct simulation Monte Carlo (DSMC) method for simulation of the ablation plume expansion. The multiscale approach addresses different processes involved in laser ablation with appropriate resolutions and, at the same time, accounts for the interrelations between the processes. A description of the ablation plume appropriate for making a connection between the MD simulation of laser ablation and the DSMC simulation of the ablation plume expansion is discussed.
INTRODUCTION
The interaction of laser pulses with organic matter leading to the massive material removal (ablation) from a target is a subject of scientific as well as applied interest [1, 2] . Important practical applications include laser surgery, matrix-assisted laser desorption/ionization (MALDI) of biomolecules for mass -spectrometric investigations, and surface microfabrication of polymer thin films.
During the last several years extensive experimental [1] [2] [3] [4] [5] [6] , computational [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , and theoretical [2, 17] efforts have resulted in considerable progress in understanding of many aspects of laser ablation of organic materials. In a big part this progress is due to the development of advanced computational methods and their application to various processes induced by pulsed laser irradiation. In particular, a molecular-level breathing sphere model has yielded a wealth of information on the microscopic mechanisms of laser ablation [7, 9, 13] , parameters of the ejected plume (velocity distributions of matrix and analyte molecules in MALDI [8, 10] , cluster ejection [11, 12, 13] ) and their dependence on the irradiation conditions (laser fluence [7, 9, 11] , pulse duration [13] , initial temperature of the sample [12] ). At smaller time-and length-scales, conventional atomic-level MD simulations have demonstrated the ability of this technique to provide detailed information on the dynamics of intermolecular redistribution of the deposited laser energy [14, 16] and conformational changes in the molecules undergoing laser desorption [15] . Atomic-level MD simulation technique has been also applied to laser ablation of inorganic materials and first interesting results have been reported [18, 19, 20] . At the level of the plume expansion, direct simulation Monte Carlo [21] [22] [23] [24] and particle-in-cell [25, 26, 27] methods has been shown to be suitable for realistic simulations of the multi-component ablation plume development on the time-and length-scales of a real experimental configuration. The effects of spatial segregation of light and heavy particles in the plume [23, 24] , the influence of ionic species (plasma formation) on the flow process [25, 26] , and ion extraction by an external field [26] are the examples of the important processes in the ablation plume that can be addressed by these methods.
However impressive the recent advances are, the overall picture of laser ablation still remains rather fragmented. The main obstacle for further progress in understanding of the mechanisms of laser ablation is the lack of connections between the different levels of description of this complex multiscale phenomenon. Each model addresses specific processes with a specific resolution, whereas the real processes occurring at different time-and lengthscales are strongly coupled and interrelated.
In this paper, a computational approach that combines different methods (BS, DSMC, FEM) within a single multiscale model is discussed. The multiscale approach addresses different processes involved in laser ablation with appropriate resolutions and, at the same time, accounts for the interrelations between the processes. A general description of the elements of the multiscale model for laser ablation is presented in the next section and is followed by a more detailed discussion of the connection between the MD simulation of the initial stage of laser ablation and DSMC simulation of the ablation plume expansion.
MULTISCALE MODEL FOR LASER ABLATION
The hierarchy of computational methods used to simulate different processes involved in laser ablation with appropriate resolutions is schematically illustrated in Figure 1 . Part A represents atomic-level simulations that can be used to study the channels and rates of the vibrational relaxation of molecules excited by photon absorption [14, 16, 28] . The information on the rates of the conversion of the internal energy of the excited molecules to the translational and internal motion of the other molecules can be verified in pump-probe experiments and can be used for parameterization of the coarser-grained breathing sphere model designed for large-scale MD simulation of laser ablation, Part B of Figure 1 . In the breathing sphere model each molecule (or an appropriate group of atoms) is represented by a single particle that has the true translational degrees of freedom but an approximate internal degree of freedom [7] . This internal (breathing) mode allows one to reproduce a realistic rate of the conversion of internal energy of the molecules excited by the laser to the translational motion of the other molecules. Since the molecules rather than the atoms are the particles of interest in the model, the system size can be large enough to model the collective dynamics leading to laser ablation and damage. Moreover, since we are not following high frequency atomic vibrations, we can use a much longer time-step in the numerical integration and keep track of the processes in the simulated system for a longer time [13] .
One effect that cannot be directly simulated within the breathing sphere model is the propagation of the laser-induced pressure waves from the absorption region deeper into the bulk of the irradiated sample.
The dynamic boundary condition has been developed for computationally efficient simulation of non-reflective propagation of the pressure wave through the boundary of the MD computational cell, allowing to restrict the area of the MD simulation to the region where active processes of laser induced melting, ablation and damage occur [29] . An alternative approach to the problem of pressure wave reflection is to combine the MD model with the continuum finite element method [30] , Part C of Figure 1 . The advantage of this approach is the ability to study the long-range propagation of the waves and their interaction with other MD regions of a large system. One possible effect of such interaction is schematically illustrated in part C of Figure 1 . The reflection of the compressive (due to the ablation recoil) pressure wave from the free surface at the back of the irradiated sample can cause the effect known as back spallation [31] , when the dynamic tensile strength of the material is exceeded by the reflected (tensile) pressure wave and fracturing occurs at certain depth under the back surface.
The plume development in MD simulation, Part B of Figure 1 , can be followed up to a few nanoseconds only, whereas the real time-scales of plume expansion relevant to MALDI and pulsed laser deposition experiments are in the range of microseconds [6] . The long-term plume expansion can be simulated by the DSMC method, Part D in calculations that take into account the change in the relative fractions of plume components. The coarse grid and the squares in Figure 1 represent MD simulations of cluster-cluster and clustermonomer collisions that are subsequently incorporated into DSMC simulation. The initial conditions for DSMC simulation are provided by the MD breathing sphere model simulations. The description of the ablation plume appropriate for making a connection between the MD simulation of laser ablation and the DSMC simulation of the ablation plume expansion is discussed in the next section.
ANALYSIS OF THE ABLATION PLUME (Connection between the MD and DSMC)
In order to adopt the results of MD simulation of laser ablation as input for DSMC method, we have to describe the MD results on the plume composition and velocities of different plume components in terms usable for DSMC. As an example, below we perform an analysis of the plume for a particular MD simulation of laser ablation of a molecular solid. The simulation is performed for laser pulse duration of 15 ps, fluence of 61 J/m 2 , and laser penetration depth of 50 nm. The laser fluence used in this simulation is 2.1 times the threshold fluence for the onset of the massive material ejection or ablation [13] . In order to address the dynamics of the cluster formation during the initial stage of the ablation plume development, in the present study we have to use a significantly larger computational cell as compared to the simulations reported before [7] [8] [9] [10] [11] [12] [13] 27, 29] The first question that we should address is at what time is it appropriate to switch from MD simulation to DSMC? To answer this question we should study the dynamics of the ablation plume formation and to make sure that the most active processes of the initial plume formation are over before we switch to DSMC. One way to analyze the dynamics of the plume development is schematically illustrated in Figure  2 . Computational cell is divided into layers that contain the same number of molecules (10% of the plume = 3 nm of the original solid ≈ 34000 molecules in 40×40×90 Figure 2 . Schematic illustration of the method used to analyze the dynamics of cluster formation in the ablation plume (see Figure 3) . Computational cell is divided into layers.
Each layer contains the same number of molecules. Density distributions for the same layer are calculated at different times during the simulation. nm computational cell) and density distributions for the same layer are calculated at different times. This analysis shows that the dynamics of the cluster formation is different in different parts of the ablation plume and is related to the character of the explosive disintegration of the material [13] that originates from different depths under the surface. The material ejected from the top layers of the irradiated sample is highly overheated and is quickly, within first 100 ps, decomposing into very small clusters and gas phase molecules. The degree of overheating is smaller in the middle of the ejected plume and larger clusters result from the explosive decomposition, Figure 3a of cluster composition of the plume due to the evaporation and cluster-cluster collisions can be incorporated into the DSCM model [32] . Therefore, MD simulation results obtained by the end of 1 ns can be used as input for a DSMC simulation of further plume development. The next step in making a connection between the MD and DSMC simulations is to describe the parameters of the ejected plume in terms of velocity and cluster size distributions. The clusters observed in MD simulations can be as large as 5000 molecules and the number of clusters of any given size (except for the smallest clusters composed of ~7 or less molecules) is 1 2 3 Distance from the initial surface, µm not sufficient to provide a statistically adequate representation of the spatial distribution of clusters in the plume. One possible solution of this problem is to divide clusters into groups. The range of cluster sizes that form a group is chosen so that clusters in a group have similar spatial distribution in the plume. Three example distributions, for individual molecules, for medium-size molecular clusters (11 to 50 molecules), and for large molecular clusters composed of more than 1000 molecules are shown in Figure 4 . The distribution in Figure 4b shows that the medium size clusters that result from the plume formation process illustrated by Figure 3a are localized in the middle of the expanding plume, whereas the large clusters formed later during the plume development, Figure 3b , tend to be slower and are closer to the original surface. The relative fractions of clusters within the same size group can be defined by the overall cluster size distribution that is found to follow a power law with power parameter different for low-and high-mass clusters. In order to describe the velocities of the ejected molecules and clusters we consider the distributions of radial (parallel to the surface) and axial (normal to the surface) velocity components, as well as the flow velocity in the direction normal to the surface for different parts of the plume and for different plume components. The plot of the flow velocity as function of the distance from the initial surface, Figure 5 , shows that identical linear dependencies on the distance from the surface, characteristic for the free expansion model, are established for all components of the plume. The clusters of different sizes are entrained into the expanding plume and are moving along with the individual molecules with nearly the same velocities. This effect of entrainment of molecular clusters can be related to the entrainment of large biomolecules into the plume of smaller matrix molecules in MALDI that has been observed experimentally [6] and in MD simulations [7, 10] . The spread in the radial and axial velocities at a given distance from the surface can be described by a local translational temperature. The radial velocity components of molecules or clusters in the plume does not contain a contribution from the forwarded flow of the plume in the direction normal to the surface and thus can be associated with the thermal motion in the plume. As found in earlier simulations [8, 10, 13] , the radial velocity distributions of ejected molecules fit well to a Maxwell-Boltzmann distribution substantiating the association of the spread of the radial velocities with the thermal motion. Thus, the local translational temperatures of the plume components are calculated from the radial (parallel to the surface) velocity components of the ejected molecules or clusters.
A spatially resolved analysis of the translational temperature of the plume reveals a significant temperature variation with distance from the irradiated surface, Figure 6 , suggesting that the fast cooling of the ejected material proceeds nonuniformly within the plume. Expansion cooling, when the thermal energy is transformed to the kinetic energy of the plume expansion, leads to the decrease of the temperature in the flow direction. A large scattering of the data points observed in Figure 6 for large clusters is due to the small number of clusters in these groups. Although the poor statistics does not allow us to perform a reliable estimation of the translational temperature for the large clusters, simulation results suggest that the same local translational temperature can be used to describe the spread of the radial velocities of different plume components in the dense part of the plume. A series of simulations for the same laser Figure 6 . Translational temperature of the plume components as a function of the distance from the initial surface. The translational temperature is calculated from the radial (parallel to the surface) velocity components of the ejected molecules or clusters. The solid and dashed lines show schematically the expansion cooling and the "temperature" increase due to the lack of collisions/equilibration in the front part of the expanding plume, respectively. The data is shown for 1 ns after irradiation with 15 ps laser pulse.
fluence is being performed in order to obtain statistically significant data and verify this hypothesis. The effect of the local thermal equilibration of different plume components can be related to the earlier results of MD simulations of MALDI, when the radial velocity distributions for both matrix molecules and analyte molecules of different masses were found to fit well to a Maxwell-Boltzmann distribution with the same temperature [10] . At certain distance from the surface, the translational temperature of monomers and small clusters reaches its minimum and starts to increase. This temperature increase can be attributed to the lack of equilibration in the front part of the expanding plume, where too small densities of ejected molecules are observed.
Finally, the knowledge of the internal temperature of clusters in the ablation plume is needed for realistic representation of cluster-cluster collision events and cluster evaporation/growth processes in DSMC simulations of the long-term plume development. The internal temperature of a cluster is defined from the kinetic energy of the molecular motion in the center of mass frame of reference and shown for three groups of clusters in Figure 7 . Large clusters in the plume are found to have substantially higher internal temperatures as compared to the smaller clusters and to the translational temperature of the surrounding gas phase molecules, reflecting a slower cooling by evaporation as compared to the fast expansional cooling. The description of the ablation plume, shortly described above, provides a realistic input for DSMC simulations of the further development of the multi-component ablation plume on the time-and length-scales of real experimental configurations [32] . AA2.1.9 SUMMARY A computational approach that combines different methods within a single multiscale model is demonstrated to be capable of addressing different processes involved in laser ablation with appropriate resolutions and, at the same time, accounts for the interrelations between the processes. The multiscale approach includes the molecular dynamics breathing sphere model for simulation of the initial stage of laser ablation, a combined molecular dynamics -finite element method for simulation of propagation of the laser-induced pressure waves out from the MD computational cell, and the direct simulation Monte Carlo method for simulation of the ablation plume expansion. A description of the ablation plume appropriate for making a connection between the MD simulation of laser ablation and the DSMC simulation of the ablation plume expansion is presented.
